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This paper presents an assessment of geo-environmental properties for the incorporation of recycled gypsum, produced from gypsum waste, as an
additive material in earthwork projects. In this study, the solubility of Fluorine, Boron and hexavalent Chromium and the emission of hydrogen sulﬁde gas
refer to geo-environmental properties. To achieve this objective, the tested soil was mixed with recycled gypsum in conjunction with lime and cement in
different proportions to overcome the solubility of gypsum and to reduce the solubility of harmful substances. The results of the study show that the
utilization of recycled gypsum alone, as an additive material for earthwork projects, has a negative effect on the emission of hydrogen sulﬁde, while the
addition of a solidiﬁcation agent, such as cement or lime, to the recycled gypsum reduced the emission of hydrogen sulﬁde gas. The suggested contents and
ratios for the gypsum–cement and gypsum–lime admixtures used in this study are safe against the emission of hydrogen sulﬁde because their
measurements were found to be below the standard limits. Increasing the proportion of cement or lime in a gypsum–soil mixture has a signiﬁcant effect on
the reduction in Fluorine solubility. The content of the admixture has a signiﬁcant effect on the reduction in Fluorine solubility in the case of gypsum–
cement, while there is not much difference in the measured values of Fluorine in the gypsum–lime admixture. The intensity of ettringite increases with the
increase in admixture content and the decrease in the admixture ratio, while the intensity of calcite increases with increases in both the content and the ratio
of the admixture. The formation of ettringite has a signiﬁcant effect on the capture of Fluorine, namely, the solubility of Fluorine decreases with the increase
in ettringite intensity. The measured values for the solubility of harmful substances, including Fluorine, Boron and hexavalent Chromium and the emission
of hydrogen sulﬁde gas, were found to lie within the standards for the investigated limits of the gypsum–soil mixture treated with cement or lime in the
present study. This proves that the utilization of recycled gypsum in conjunction with cement or lime, as a stabilizer material and within the investigated
limits, is safe and meets the environmental standards.
& 2015 The Japanese Geotechnical Society. Production and hosting by Elsevier B.V. All rights reserved.
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The disposal of gypsum waste plasterboards in landﬁll sites
presents many environmental challenges because of the10.1016/j.sandf.2015.09.014
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ss: aly_76@hotmail.com (A. Ahmed).emission of hydrogen sulﬁde gas and the increase in Fluorine
solubility to above the acceptable limits. As a result, the
disposal of gypsum wastes at traditional landﬁll sites is
prohibited. The wastes must be disposed of in controlledElsevier B.V. All rights reserved.
versity of Western Ontario, London, Ontario, Canada.
Table 1
Mechanical and chemical properties of the tested soil.
Property Value
Speciﬁc gravity, Gs 2.46
Water content, Wc% 160
Soil composition Sand (%) 1.6
Fine sand (%) 24.1
Silt (%) 55.4
Clay (%) 18.9
Max. diameter of particle size (mm) 9.5
Organic matter content (%) 17.6
Sulfur content, S (%) 0.3
Carbon content, C (%) 4.7
Fluorine (mg/kg) 39
Table 2
Chemical composition of the tested soil.
Substance Content (%)
SiO2 48
Al2O3 20
Fe2O3 8
CaO 3
K2O 1
SO3 1
A. Ahmed et al. / Soils and Foundations 55 (2015) 1139–11471140landﬁll sites, which leads to increased disposal costs (Kamei
and Horai, 2008; Ahmed et al., 2011a). Consequently, most
attention is currently directed at protecting the environment by
recycling gypsum waste plasterboards and reusing the pro-
duced recycled gypsum as an additive material for earthwork
projects. This application meets the challenges of our society
by producing useful material from wastes, reducing the huge
quantities of gypsum waste produced every year, minimizing
the operation of landﬁll sites, reducing the costs of disposal,
and reducing the costs of earthwork projects. More than
15 million t of gypsum waste plasterboard is produced ann-
ually around the world during demolition, construction, and
production (GRI, 2013). For example, approximately 720,000 t
of gypsum waste plasterboards is produced annually in Canada
(WRAP, n.d.), while 1.6 million t of it is produced annually in
Japan (Kamei and Horai, 2008). Recycled gypsum, produced
from gypsum waste plasterboard, has been increasingly used as
a stabilizer material in ground-improvement projects (Kamei
et al., 2007; Ahmed et al., 2011a; Kamei et al., 2013a,b;
WRAP, 2007a,b). Based on the results presented in the
literature, recycled gypsum has the potential for application
as an additive material to earthwork projects for different types
of soils, especially in dry environments, because gypsum is
capable of developing enough hardening between soil parti-
cles. Although the utilization of recycled gypsum as an
additive material in earthwork projects has several economic
and environmental advantages, many challenges are still faced
with its use in terms of durability and environmental impact.
Regarding weathering conditions, the durability of soil stabi-
lised with recycled gypsum against the actions of freeze–thaw,
wet–dry, and soaking was investigated, and reasonable results
were obtained (Ahmed et al., 2010; Ahmed and Ugai, 2011;
Kamei et al., 2011, 2012, 2013b; Ahmed and Issa, 2014),
while many challenges were met in relation to the environ-
mental impact when recycled gypsum was introduced in
earthwork projects due to the rapid solubility properties of
gypsum when water is introduced. The inﬂuence of recycled
gypsum on environmental properties when it is incorporated in
earthwork projects depends on the percentage of recycled
gypsum in the soil mixture, the type of tested soil, the type and
the content of the solidiﬁcation agent used, the curing time,
and the moisture content. Therefore, the main objective of this
study is to assess the environmental properties of soft clay
organic soil treated with recycled gypsum. Additionally, this
study will evaluate the use of furnace slag cement and lime as
solidiﬁcation agents to improve the environmental properties
of soft clay organic soil treated with recycled gypsum.
2. Materials
2.1. Soil samples
Soil samples were collected from a depth of 50–100 cm
below the original ground level at an embankment construction
site. The extracted soil samples were stored in plastic contain-
ers, to maintain the water content as closely as possible, and
then stored in a controlled room until testing. The averagewater content for the soil samples was found to be 160%. The
mechanical and chemical properties of the tested soil are
presented in Table 1, while the chemical composition is
presented in Table 2, based on the results of X-ray ﬂuores-
cence analysis (XRF) tests. The tested soil can be classiﬁed as
clay soil with high plasticity (CH) in accordance with the
Uniﬁed Soil Classiﬁcation System (USCS).2.2. Recycled gypsum
Gypsum waste plasterboards were obtained from a waste
management company to produce recycled gypsum. The
detailed procedure for producing recycled gypsum from
gypsum waste plasterboards was provided in previous works
(Kamei et al., 2007; Ahmed et al., 2011a). The air-dried
gypsum waste was pulverized and screened to remove any
impurities. The crushed gypsum (CaSO4  2H2O) was heated at
temperatures ranging from 140 to 160 1C for a speciﬁed period
of time to produce the recycled gypsum (CaSO4  1/2H2O);
three-quarters of the water molecules evaporated during the
heating process.2.3. Cement
Furnace slag cement was used in this research as a
solidiﬁcation agent to prevent the solubility of the gypsum,
because gypsum is soluble in water. Furnace slag cement is
produced from the waste and by-products of iron and steel-
Table 3
Chemical composition of the used furnace cement and lime.
Substance Content (%)
Cement Lime
SiO2 26.30 1.01
Al2O3 8.70 0.20
Fe2O3 1.90 0.05
CaO 54.10 91.11
MgO 3.70 3.49
SO3 2.00 –
Na2O 0.26 –
K2O 0.42 –
R2O 0.54 –
TiO 0.69 –
P2O 0.08 –
MnO 0.28 –
Cl 0.01 –
P – 0.054
S – 0.189
CO2 – 2.48
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used in this research are presented in Table 3.
2.4. Lime
The main reason for employing lime in this research is the
same as that for using cement, namely, to prevent the solubility
of the gypsum. Commercial industrial lime was used, and its
chemical compositions are presented in Table 3. Dry recycled
gypsum (R) is mixed with lime (L) or cement (C) in different
proportions of (R:C/L) 1:1, 2:1, and 3:1. Three percentages of
this admixture, 7.5%, 15%, and 22.5%, were mixed with the
tested soil to assess the environmental properties of the soil
treated with admixtures of gypsum–cement (R–C) and gyp-
sum–lime (R–L).
3. Testing and methods
To evaluate the environmental properties of the soil–gypsum
mixture, a series of measurements for hydrogen sulﬁde gas
(H2S) and the solubility of Fluorine (F), Boron (B) and
hexavalent Chromium (Cr (VI)) was conducted on soil
samples treated with recycled gypsum. For all the tests, the
test soil samples were used with their original water contents to
simulate the in situ conditions. Recycled gypsum was mixed in
a dry state with cement or lime according to the above-
mentioned desired proportions. Next, the speciﬁed percentages
of these admixtures were mixed with the tested soil according
to the testing program. An automatic mixer was used to
complete the process of mixing, and this process was
continued for 10 min to ensure that a uniform mixture was
obtained. The samples treated with admixtures were placed in
cylindrical moulds to produce cylindrically stabilised soil
specimens in order to prepare the samples for the unconﬁned
compression tests used in this project, as presented in a
previous work (Kamei et al., 2013b). These samples werecured for 28 days in a controlled room at a temperature of
2171 1C with humidity at greater than 90% to simulate the
site conditions. The cured samples were then tested for
environmental properties and unconﬁned compressive stre-
ngth. The environmental properties include the emission of
H2S and the solubility of harmful substances, such as F, B, and
Cr(VI). The H2S gas was measured using a Gastec gas
sampling pump device because there is no standard method
for exploring the emission of H2S in the area of ground
improvement and because it is difﬁcult to install a system for
detecting the emission of H2S at construction sites. Subse-
quently, the suggested method for that purpose in a previous
work (Ahmed et al., 2011a) was used in this study. The
detailed procedure of this method was presented in a previous
work (Ahmed et al., 2011a). Brieﬂy, a speciﬁed volume of the
tested soil is placed in a plastic bag, which was speciﬁcally
designed for this purpose, with the same volume of Nitrogen
gas (1:1). The sample was then subjected to the same curing
regime as that used in the previous study (Ahmed et al.,
2011a). Then, the H2S emissions were measured using the
Gastec gas tube. In this method, only the natural water content
of the tested soil sample was applied without the addition of
more water to represent the ﬁeld conditions. As mentioned
above, there is no standard method for measuring the emission
of H2S in the area of ground improvement. Therefore, the
method used in this study for exploring the emission of H2S is
considered one of the appropriate methods applied in the
measurement of H2S emission in this study as presented in
previous work (Ahmed et al., 2011a). The measurements of the
solubility concentrations of F, B, and Cr(VI) were conducted
by using the leaching method on the tested soil samples. In this
method, the tested soil was pulverized before mixing it with
distilled water at a ratio of 1 (solid) to 10 (water), and all the
procedures provided in the previous work for this method were
applied (Ahmed et al., 2011a). Pulverization of the tested soil
sample in the leaching tests used in this study was applied to
represent the occurrence of a critical case which is difﬁcult to
validate on-site. The tested soil sample was pulverized for a
size passed through sieve #200 according to the standard
method used in this study. The solubility of each speciﬁed
substance in the solution was then measured.
To identify the mineralogical and microstructural properties
of the treated soil, scanning electron microscopy (SEM) and
X-ray diffraction (XRD) were performed. The dried soil
samples were crushed, and then small pieces of the crushed
samples were mounted on a special tray prior to being covered
with a thin layer of gold to provide surface conductivity. A
special technique was used during the sample preparation to
prepare the samples for SEM testing. A JEOL JSM 6580
scanning electron microscope, operating at 15 kV, was used to
obtain the SEM images of the tested samples. A PANalytical
X'pert-PRI X-ray diffractometer, with different beam mono-
chromators, and a standard copper target x-ray tube, set to
40 mA, were used to perform X-ray diffraction (XRD) on the
tested samples. JCPDS software was used to analyze the data
obtained by the diffractometer, while the SEM technique was
used to identify the microstructural patterns of the tested
A. Ahmed et al. / Soils and Foundations 55 (2015) 1139–11471142samples. It is important to assume that the small pieces of the
samples used for the SEM and the XRD tests represent the
whole investigated sample. Consequently, many images were
taken at different locations on the surface of the tested samples,
with different resolutions, to achieve this assumption and to
obtain acceptable reliability.4. Results and discussion
It is well known that using gypsum in a wet environment
has a negative effect on the environment in terms of the
emission of H2S gas (Kamei et al., 2011; Ahmed et al. 2011a).
Subsequently, investigating the emission of H2S gas, when
recycled gypsum is introduced in earthwork projects, is
essential to meeting sound environmental standards. In this
study, the allowable limits for the emission of H2S fell in the
range between 0.02 and 2 ppm based on the standard limits
used in Japan (EQS, 2013). The emission of H2S was
measured for stabilised soil specimens subjected to 28 days
of curing. The sample tested for the emission of H2S gas was
kept in a plastic bag that was ﬁlled with Nitrogen gas during
the curing time, as mentioned previously. Fig. 1 shows a
comparison for the effect of the content of the soil mixture on
the release of H2S gas from the soil treated with different types
of admixtures. It is clear from this ﬁgure that the H2S
measurements from samples stabilised with gypsum–cement/
lime admixtures were found to be less than 0.1 ppm, while the
measurements from samples stabilised only with recycled
gypsum and increasing the admixture content beyond 15%,
are associated with an increase in the emission of H2S. These
results are most likely related to the absence of a solidiﬁcation
agent in the soil–gypsum mixture, which encourages the
activity of bacteria in organic soil, so the release of H2S
increases. From this ﬁgure, it can be said that the use of R–C/L
admixtures within the investigated limits in this study has no
negative effects on the emission of H2S because all the
measured values were found to be within the standard limits.
These results are most likely related to the presence of cement
or lime in the soil–gypsum mixture, which solidiﬁed the
activity of the gypsum from releasing H2S gas compared to
samples only stabilised with recycled gypsum. Additionally,Fig. 1. Comparison of the effect of soil mixture content on the emission of
hydrogen sulﬁde.pH is considered one of the major parameters controlling the
release of H2S. In the case of samples treated with gypsum, pH
was found to be 6.31. On the other hand, the samples treated
with cement–gypsum and lime–gypsum admixtures, at a
content of 22.5% and an admixture ratio of 1:1, had pH values
of 11.23 and 12.43, respectively. The increase in pH caused a
decrease in the release of H2S because the alkaline conditions
associated with higher pH demoted the generation of H2S.
Moreover, the solubility of sulﬁde plays an important role in
the emission of H2S; the increase in sulﬁde solubility increases
the generation of H2S. In alkaline conditions, sulﬁde solubility
declines; and consequently, the samples treated with cement
and lime demote the generation of H2S due to their high
alkalinity, as mentioned previously. Finally, the admixture
ratio for both admixtures of R–C/L used in this study had an
insigniﬁcant effect on the release of H2S because all the
measured values for the H2S emission were found to be below
0.1 ppm.
The release of Fluorine when recycled gypsum is introduced
into earthwork projects is also considered one of the most
negative environmental issues for the incorporation of gypsum
waste in earthwork projects (Kamei and Horai, 2008; Ahmed
et al., 2011a). Actually, the three contaminants (F, B, and Cr)
were considered in this work because these substances
originate in the raw materials employed in the production of
plasterboards and cement. In the case of recycled gypsum,
ﬂaw-gas is the raw material of the plasterboards. Gypsum is
considered to be one of the sources of ﬂuoride, and when it is
subjected to water, the release of Fluorine occurs. The
composition of plasterboards is not limited to gypsum alone,
as some additives used in their production may cause the
presence of Boron. The total concentrations of F, B, and Cr in
the recycled gypsum were found to be 5.71 mg/l, 0.16 mg/l,
and o0.01 mg/l, respectively. In the case of cement, the total
concentration of Cr was found to be 0.87 mg/l, while the
concentrations of F and B were negligible. In the case of lime,
the total concentrations of F, B, and Cr were negligible.
Therefore, the three substances of (F, B, and Cr) were
considered as hazardous in leaching tests performed to assess
the application of gypsum treated-cement/lime to earthwork
projects to meet sound environmental standards. The allowable
environmental standards used in this study for the solubility of
Fluorine, Boron, and hexavalent Chromium in soil were 0.8, 1,
and 0.05 mg/L, respectively. These limits were selected based
on the standards presented in previous works (Kamei and
Horai, 2008; Ahmed et al., 2011a). Immobilization is one of
the appropriate methods used to reduce the leaching of
hazardous substances and heavy metals from contaminated
materials. This is because the cost of immobilization treatment
is low compared to the cost of other methods, such as heat
treatment, washing/extraction, and treatment with heat fusion.
Consequently, immobilization treatment is the appropriate
method applied to treat the contaminated soil in this study.
The concept of immobilization treatment is based on the
development of the cementation/solidiﬁcation of the material
that results in contamination of the soil by adding cement or
any material that has the potential to develop solidiﬁcation for
Fig. 3. XRD patterns for soil samples treated with gypsum–cement/lime
admixtures with a content of 15% and a ratio 1:1. (a) Gypsum–cement
A. Ahmed et al. / Soils and Foundations 55 (2015) 1139–1147 1143the contaminated materials. The formation of cementation
compounds in the soil matrix, such as ettringite, has the
potential to capture some harmful elements, such as Fluorine,
Boron, and Chromium (Solem-Tishmack and McCarthy, 1995;
Chrysochoou and Dermatas, 2006). The suggested solidiﬁca-
tion agents used in this study, furnace slag cement and lime,
produced cementation compounds, such as ettringite and
calcite, as proven by the SEM and XRD results and presented
in Figs. 2 and 3, respectively. The development of cementation
compounds, when cement or lime is mixed with a gypsum–soil
mixture, is related to their chemical compositions. Ettringite is
formed due the presence of alumina in cement, lime, and soil,
the presence of calcium in cement, lime, and gypsum, and the
presence of sulfate in gypsum and water in the tested soil.
Calcite is formed due to the reaction of calcium oxide in
cement and lime with water in the soil to produce calcium
hydroxide, which then reacts with carbon dioxide in the
atmosphere to produce calcium carbonate, also known as
Calcite. This reaction is called carbonation. Consequently,
cement and lime were used in this study as solidiﬁcation
agents to improve the environmental properties of soil stabi-
lised with recycled gypsum based on the concepts of the
immobilization treatment method.
Fig. 4 shows the effects of the content and ratio of the
gypsum–cement admixture on the solubility of Fluorine after 28
days of curing. It is obvious from Fig. 4a that an increase in the
content of the R–C admixture has a signiﬁcant effect on the
reduction in Fluorine solubility. These results are most likely to
be caused by the increase in the R–C admixture in the soilFig. 2. SEM images for soil samples treated with gypsum–lime/cement
admixture with a content of 15% and a ratio 1:1. (a) Gypsum–cement
admixture and (b) Gypsum–lime admixture.
admixture and (b) Gypsum–lime admixture.mixture associated with an increase in hardening/strength and
ettringite. The increasing strength of the stabilised soil proves an
increase in the developed solidiﬁcation between the soil
particles, so the release of Fluorine decreases. It is important
to note that the improvement in strength/hardening is not solely
attributed to the formation of ettringite. It is also attributed to
changes in the physical properties of the treated soil, dewatering,
carbonation, ﬂocculation, cation exchange, and the formation of
cementation compounds in the soil matrix. For example, the
average water content of untreated soil was 160%, while after
the addition of the admixture content of 22.5% at an admixture
ratio of 1:1, it was found to be approximately 83%. Thus, the
average reduction in water content for the treated soil sample
was 46%, which is associated with the increase in dry unit
weight by approximately 42%. As mentioned above, changes in
the physical properties due to the addition of admixtures play an
important role in the improvement in strength regardless of the
admixture content. The reduction in water content occurring in
this case is related to the potential of the admixtures to absorb
the water from the treated soil. The reduction in water content is
associated with the decrease in the number of voids in the soil
matrix, which results in an increase in the dry unit weight. It is
well-known that the increase in unit weight is associated with
the improvement in strength because the contact between soil
particles increases, and thus, the soil can sustain greater loads.
Fig. 4. Effect of content and ratio of gypsum–cement (R–C) admixture on the
solubility of ﬂuorine. (a) Admixture content (R–C) and (b) admixture ratio (R:C).
Fig. 5. Effect of content and ratio of gypsum–lime (R–L) admixture on the
solubility of ﬂuorine. (a) Admixture content (R–L) and (b) admixture ratio (R:L).
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has a signiﬁcant effect on the formation of ettringite. This is
related to the fact that increasing the contact of the cement/
lime–gypsum admixture in the soil mixture increases the
availability of the substances that contribute to the formation
of ettringite. The decrease in the cement proportion in the
gypsum–soil mixture has a negative effect on the release of
ﬂuorine; the solubility of ﬂuorine increases with the decrease
in cement proportion in the gypsum–soil mixture, as presented
in Fig. 4b. These results are most likely related to the decrease
in the formation of ettringite in the soil matrix due to the
decreasing proportion of cement in the soil mixture. Conse-
quently, the solubility of Fluorine increases with decreasing
proportions of cement in the soil–gypsum mixture. These
results agree with the results presented in previous works,
although different types of soil were used (Kamei and Horai,
2008; Ahmed et al., 2011a,b).
In the case of samples treated with the gypsum–lime
admixture, there is not much difference between the solubility
of ﬂuorine for different contents and ratios of gypsum–lime
admixture used in soil–mixture, as presented in Fig. 5. It is
important to note that the highest value for the solubility of
ﬂuorine was found to be 0.11 mg/L in the case of the gypsum–
lime admixture (Fig. 5a), while the smallest value of Fluorine
solubility for the gypsum–cement admixture was found to be
approximately 0.1 mg/L (Fig. 4b). This is most likely related to
the formation of ettringite in the case of lime-treated samples
which is high compared to that in the case of cement-treated
samples presented in the XRD results (Fig. 3). This conﬁrms
that the intensity of ettringite contributes signiﬁcantly to the
capture of Fluorine on the surface of ettringite prisms. The
formation of ettringite is not the only major factor controlling
the solubility of Fluorine. Likewise, pH plays an important role
in controlling the solubility of Fluorine and an increasing pH
decreases the solubility. The average value for pH for the
samples treated with the gypsum–lime admixture was 12.43,
while this value was 11.23 in the case of the gypsum–cement
admixture. Consequently, the solubility of ﬂuorine in the case
of the gypsum–cement admixture was high compared to that in
the case of the gypsum–lime admixture. That is the main
reason for the diversity in the results for Fluorine solubility
between the samples treated with gypsum–lime and gypsum–
cement admixtures.
It is obvious from SEM images presented in Fig. 2 that the
morphology of ettringite prisms (size and length) is bulky in
the case of gypsum–cement admixture compared to that
developed in the case of the gypsum–lime admixture. Subse-
quently, the stability of ettringite in the case of cement-treated
samples is much more pronounced than in other cases based on
the morphology of the formed ettringite. The morphology of
the crystals of ettringite has an inﬂuence on the stability of
ettringite; increases in the size, length, and volume of the
ettringite crystals increase the stability of the ettringite. While
the intensity and number of ettringite prisms in the gypsum–
lime admixture are greater, this creates more potential for
capturing the release of ﬂuorine due to the increase in their
surface area. Consequently, the diversity between the effects of
Fig. 6. Effect of admixture content and ratio on the intensity of calcite and
ettringite. (a) Admixture content (R–C/L) and (b) admixture ratio (R:C/L).
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the release decline of ﬂuorine is also related to the size,
intensity, and volume of the developed ettringite crystals in the
soil matrix. These results have been conﬁrmed by the results
presented in a previous work, which indicated that the size and
the volume of ettringite crystals affect the geochemical proper-
ties of ettringite (Keller, 2002).
Generally, it is expected that the formation of ettringite in
cement-treated samples should be more than that developing in
lime-treated samples because lime has a slight alumina
content; however, the results obtained herein are different.
The obtained results proved that the formation of ettringite in
the case of the lime-treated samples is high compared to that of
the cement-treated samples. The deviation between the
obtained results for the formation of ettringite and the expected
results is most likely related to the following reasons. These
reasons probably include the pH value, the chemical composi-
tions for substances and soil, the environmental conditions,
and factors controlling the chemical reactions. It is well known
that pH plays an important role in the formation of ettringite;
an increase in pH causes an increase in the formation of
ettringite (Chrysochoou and Dermatas, 2006; Damidot and
Glasser, 1992, 1993). As stated earlier, the pH for the lime-
treated gypsum–soil samples was 12.43, while that for the
cement-treated samples was 11.23. Subsequently, the forma-
tion of ettringite is greater in the case of lime-treated samples
compared to that in the case of cement-treated samples. It is
important to report that the amount of calcium available in
lime-treated samples is more than that in cement-treated
samples. With the stabilization of soils in the presence of a
sulfate environment, the stabilizer that supplies more calcium
will form more ettringite (Wang, 2002). That is another reason
for the obtained results presented in Figs. 3 and 4, which
indicate that the mixture of lime-treated soil–gypsum produced
more ettringite than the cement-treated mixture. These results
conﬁrm the concept introduced by Wang (2002); the avail-
ability of calcium in a stabilizer has a signiﬁcant effect on the
formation of ettringite in the presence of sulfate. Furthermore,
the formation of calcite has a negative effect on the accelera-
tion of the formation of ettringite in the soil matrix
(Chrysochoou and Dermatas, 2006; Keller, 2002). Fig. 6
shows the inﬂuence of the formation of calcite, due to
carbonation, on the formation of ettringite for soil samples
treated with different contents and ratios of gypsum–cement/
lime (R–C/L) admixtures. Fig. 6a indicates that an increase in
admixture content is associated with increases in the formation
of ettringite and calcite for both admixtures used in this study.
As presented in the results of XRD in Fig. 3, the cement-
treated soil–gypsum samples have a signiﬁcant effect on the
formation of calcite and gypsum compared to the lime-treated
soil–gypsum samples. This is because the cement-treated soil–
gypsum samples have low pH compared to the lime-treated
soil–gypsum samples. This would explain the fact that gypsum
persists in the XRD of the cement-treated samples, while it
dissolves completely in the lime-treated samples. Besides, it is
evident from the results obtained in Fig. 6, that the formation
of calcite in the cement-treated soil–gypsum samples is highcompared to that obtained in the case of the lime-treated soil–
gypsum samples. Consequently, the formation of ettringite is
higher in the case of the gypsum–lime admixture compared to
that formed in the case of the gypsum–cement admixture.
These results are related to the above-mentioned fact that the
induced carbonation decelerates the formation of ettringite.
Moreover, increasing the water content of the tested soil may
constrain the formation of ettringite and increase the formation
of calcite. The presence of excess water in the soil–binder
mixture supports the dissolution of the produced ettringite to
gypsum, alumina gel, and calcite (Chrysochoou and Dermatas,
2006). Samples treated with lime have a low moisture content
compared to that treated with cement because lime has the
potential to adsorb more water. As a result, increasing the
water content of samples treated with the R–C admixture
encourages reduced ettringite formation and increases the
formation of calcite compared to samples treated with the R–
L admixture, as presented in Fig. 6. These results are in
agreement with the ﬁndings presented in a previous work
(Chrysochoou and Dermatas, 2006).
Fig. 6b shows that an increase in the admixture ratio is
associated with an increase in the formation of calcite and a
decrease in the formation of ettringite for both admixtures.
This is most likely attributed to the decrease in the proportions
of cement or lime in the admixture content. Moreover, the
imbalance of the mass ratios of the substances may contribute
to the reduction in the formation of ettringite. For example, the
A. Ahmed et al. / Soils and Foundations 55 (2015) 1139–11471146decrease in cement or lime in the soil mixture results in a
decrease in the proportions of chemicals required for the
formation of ettringite, so the intensity of ettringite decreases.
Increasing the ratio of the admixture means an increase in the
proportion of gypsum, which supplies calcium; then, the
formation of calcite increases. This is most likely related to
an increase in the availability of calcium in the soil mixture in
the shortage of cement or lime, which encourages the
occurrence of carbonation that is associated with the increase
in calcite and the decrease in the formation of ettringite.
Aforementioned, pH has a signiﬁcant effect on the formation
of ettringite; an increase in pH causes an increase in the
formation of ettringite (Chrysochoou and Dermatas, 2006;
Damidot and Glasser, 1992, 1993). The decrease in the cement
or lime proportion in the admixture content results in a
decreasing pH in the soil mixture due to an increase in the
availability of gypsum; thus, the formation of ettringite is
reduced. That is why an increase in the admixture ratio has a
signiﬁcant effect on the reduction in ettringite in this case.
Generally, all the measured values for ﬂuorine solubility for
the two admixtures in this study were found to be less than the
allowable standards for ﬂuorine solubility, which is less than
0.8 mg/l. Ultimately, it can be concluded that the use of
gypsum–cement/lime admixtures as stabilizers, within the
investigated limits in this study, has no adverse effect on the
environment in terms of ﬂuorine solubility. It is important to
note that the investigated soil represents the worst case among
the different types of soft clay soil, which is organic soft clayFig. 7. Effect of the formation of ettringite on the release of boron for samples
treated with different contents and ratios of the gypsum–lime (R–L) admixture.
(a) Admixture content (R–L) and (b) admixture ratio (R:L).soil with high plasticity and high moisture content. Conse-
quently, the validity of the obtained results in this study can be
applied to other different types of clay soils.
The solubility of boron measured in all the investigated
cases was found to be less than the allowable standard limit,
which is 1 mg/l. However, increasing the formation of
ettringite reduces the solubility of boron, as indicated in
Fig. 7. These results are related to the fact that ettringite has
the potential to capture boron on the surface of its crystals and
then increase the formation of ettringite and reduce the
solubility of boron (Solem-Tishmack and McCarthy, 1995).
The solubility of hexavalent chromium was found to be below
the detected limit, which is 0.01 mg/L, for all the investigated
cases. This can probably be attributed to the fact that the
amount of cement used in this research may not be sufﬁcient to
produce more hexavalent chromium. In addition, the formation
of ettringite in the matrix of treated soil captures the chromium
on the surface of ettringite prisms. Ultimately, the measured
values of the investigated harmful substances were found to lie
within the permitted limits. Consequently, the use of gypsum–
cement/lime admixtures as an additive material in earthwork
projects, within the investigated limits of this study, is safe and
has no adverse effects on the environment.
5. Conclusions
This work has assessed the environmental impact of the use
of recycled gypsum produced from plasterboard waste as an
additive material in earthwork projects. The investigated limits
of gypsum–cement and gypsum–lime admixtures were found
to have no negative effects on the environment in terms of the
emission of hydrogen sulﬁde gas and the release of harmful
elements, such as ﬂuorine, boron, and hexavalent chromium.
Based on the test results, the following speciﬁc conclusions
can be drawn:
1. The increase in recycled gypsum content has a signiﬁcant
effect on the emission of hydrogen sulﬁde, especially above
a content of 15%, while in the case of gypsum–soil samples
solidiﬁed by cement or lime, the measurements of the
emission of H2S were found to be less than 0.1 ppm.
2. Recycled gypsum is not recommended for use as an
additive material in earthwork projects without the addition
of a solidiﬁcation agent to meet the standards of the
environment, in terms of the emission of H2S, and to
reduce the solubility of gypsum.
3. Increasing the content of the gypsum–cement admixture has
a signiﬁcant effect on the reduction in ﬂuorine solubility,
while there is not much difference between the obtained
results for ﬂuorine solubility in the case of the gypsum–lime
admixture.
4. Decreasing the cement proportions in the gypsum–soil
mixture was found to have a signiﬁcant effect on the
increase in ﬂuorine solubility.
5. The formation of ettringite increased with an increase in the
admixture content and a decrease in the admixture ratio for
both admixtures used. The formation of calcite increased
A. Ahmed et al. / Soils and Foundations 55 (2015) 1139–1147 1147with increases in both content and ratio of the admixture for
both admixtures used. An increase in the intensity of calcite
was associated with a decrease in the intensity of the
ettringite.
6. The measured values of ﬂuorine, boron, and hexavalent
chromium solubility in this study were found to be less than
the standards. Subsequently, the use of gypsum–cement/
lime admixtures as additive materials to treat soft clay
organic soil, within the limits investigated by this study,
was found to be safe and to not show any adverse effects on
the environment.
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